Introduction
============

Although the lifetime prevalence of exposure to traumatic events is thought to be between 40% and 90% in the general population, the overall lifetime prevalence of post-traumatic stress disorder (PTSD) is estimated at 7%--12%. This means that exposure to a traumatic event does not entirely explain the etiology of the disorder. The suspicion is that individuals with an existing genetic vulnerability have a higher risk of developing PTSD once they experience a trauma. Two sources of evidence support a genetic component, ie, transgenerational research and epidemiologic studies in twins. Transgenerational studies have reported that PTSD is more likely to occur in certain families. Twin studies have found that monozygotic twins are more concordant for developing PTSD after trauma exposure than dizygotic twins.[@b1-tacg-3-103]--[@b4-tacg-3-103]

Although evidence exists for a genetic vulnerability to PTSD, the vulnerability develops in interaction with environmental factors, such as stressful life events or a mother's prepartum or even prefertilization hormonal status. The etiology of PTSD is complex and multifactorial, and like most other mental disorders, the heritable part of PTSD can be viewed as polygenetic. This means that different genes are assumed either to interact or to play an additional role in the ultimate onset of the disorder.[@b5-tacg-3-103]

The complexity of psychiatric disorders like PTSD makes it difficult to find specific genes that contribute substantially to the disorder. For this reason, genetic research often trains its focus on endophenotypes, ie, more elementary underlying traits or facets of clinical phenomena, whereby the number of genes required to produce variations in these traits may be fewer than those involved in producing a psychiatric diagnostic entity. Such basic traits may consist of neurophysiologic, biochemical, endocrinologic, neuroanatomic, cognitive, and neuropsychologic measures. Authors have argued that genes associated with certain endophenotypes may be implicated in development of PTSD. These endophenotypes for PTSD include the dysregulation of the hypothalamus--pituitary--adrenal (HPA) axis, the physiology of hyperarousal, and the exaggerated acoustic startle response. Other important response measures include autonomic reactivity, such as heart rate variability, and psychologic variables, including memory problems.[@b6-tacg-3-103],[@b7-tacg-3-103]

Linkage studies investigate at random the entire genomes of individuals, using DNA markers to locate chromosomal areas that are continuously passed on together with a particular disorder. Natural genetic variants are sought, and their prevalence is assessed in subjects with a disorder like PTSD against healthy control groups.

Most of the hypotheses on candidate genes implicated in PTSD derive from linkage studies in animals. Candidate genes identified so far are the serotonin transporter gene (5-HTT), dopamine receptor gene (DRD2) and dopamine transporter gene (DAT), glucocorticoid receptor gene (GR), GABA (A) receptor gene, apolipoprotein E (ApoE) gene, brain-derived neurotrophic factor gene (BDNF), and neuropeptide Y gene (NPY).[@b8-tacg-3-103]

A next step in molecular genetic research is to investigate in association studies whether a connection exists between a genetic variant (polymorphism) and an endophenotype in a disorder. Studies like these can uncover smaller genetic effects. Therefore, they seem the method best suited for molecular genetic studies in complex disorders, including PTSD. The presence of genetic polymorphisms in candidate genes in a group of individuals with a particular disorder is compared with a group of healthy individuals. Single nucleotide polymorphisms (SNPs) are small changes in DNA that have no visible effects but do affect vulnerability. A distinction is made between functional and nonfunctional SNPs.[@b9-tacg-3-103]

Functional SNPs have effects on gene expression and/or protein function. No such effects are known from nonfunctional SNPs, but they can still be of use for association studies. Although they probably do not cause the disorder, they lie on a chromosome near the "pathogenic" mutation. Candidate genes investigated in association studies should preferably have already been identified in linkage analyses, or should be part of a well defined prior hypothesis. Because linkage analysis is difficult to perform in PTSD, candidate genes not identified in prior human linkage analyses are often selected for association studies on the basis of hypotheses about their putative functional relationship with PTSD (or after identification in animal studies). Should an association then be found, it merely shows that the polymorphism in question is somehow connected to a particular endophenotype of PTSD, but it does not demonstrate a causal relationship.[@b10-tacg-3-103]

Other as yet undiscovered factors, such as a link between that polymorphism and another polymorphism in the same gene or a nearby gene, could explain the association. The genetic research conducted at present in relation to PTSD involves these types of association studies on candidate genes preselected without prior human linkage analysis.[@b11-tacg-3-103]

A relatively new method of genetic research is to study expression of genes in specific tissues by microarray analysis using an RNA or cDNA chip. This was recently done for the first time in PTSD. Segman et al used oligonucleotide microarrays to measure peripheral blood mononuclear cell gene expression in trauma survivors directly after they presented to a casualty department and 4 months later.[@b12-tacg-3-103] The results showed an overall reduction in expression of transcription activators of peripheral blood mononuclear cells in psychologically distressed victims. This demonstrates the possibility of stress-induced reduction of gene expression.[@b12-tacg-3-103],[@b13-tacg-3-103]

Genes involved in the serotonin system
======================================

Evidence exists that the genes regulating the serotonin system play a role in susceptibility to PTSD or to depression, in response to various types of stressors over the life course.[@b13-tacg-3-103]

The serotonin transporter gene has been identified in relation to the serotonin system and PTSD. A great deal of research has already been done on genes involved in the serotonin system, and which thereby affect serotonergic transmission. The serotonin transporter, 5-HTT (also called SERT), is the best studied biologic substrate of depression. Abnormal serotonergic activity may mediate susceptibility to affective disorders, and a relationship has also been found with stress reactions.[@b14-tacg-3-103]

Initially, considerable experimental research was done in animals which supported the hypothesis of a "gene-by-environment" interaction, and showed that variation in the 5-HTT transporter gene was linked to altered serotonergic function following stressful early life events. For example, serotonin played a part in HPA axis alterations in animals exposed to early life stress.[@b15-tacg-3-103]

Although the role of serotonergic transmission in the pathophysiology of PTSD is still unclear, serotonin is thought to be involved in the onset of the PTSD symptoms relating to mood, arousal, and sleep. Allelic variation in human 5-HTT expression is caused by functional gene promoter polymorphisms with two predominant variant alleles, which are likewise associated with various anxiety responses to stressful events.[@b16-tacg-3-103]

In vitro studies have shown basal 5-HTT activity in carriers of the 5-HTTPR long (L) allele to be twice as high as in carriers of the short (S) allele, indicating that 5-HTT gene transcription may be modulated by these variants. An association study in individuals with PTSD versus a healthy control group has found only marginal differences in genotypes between the two groups, except that the frequency of the SS genotype was significantly higher in the PTSD group. A limitation was that the controls had never experienced a trauma, so it was unknown whether some might have developed PTSD on trauma exposure.[@b17-tacg-3-103]

A review of neuroimaging studies found that people with an SS or SL allele showed greater amygdala activation in response to fearful stimuli than those with the LL allele. In another study, neurochemical processes were associated with genetic variations in serotonergic neurotransmission relevant to anxiety. Significantly lower hippocampal N-acetylaspartate concentrations were found in SL carriers than in individuals with an LL genotype, and N-acetylaspartate concentrations correlated negatively with anxiety traits on the Spielberger State-Trait Anxiety Inventory.[@b18-tacg-3-103],[@b19-tacg-3-103]

Genes involved in the dopamine system
=====================================

There are two important PTSD candidate genes that directly affect the dopamine system, ie, DRD2 and DAT. The DRD2 minor (A1) allele, DRD2 A1, has already been linked to attention deficit hyperactivity disorder, Tourette's syndrome, conduct disorder, and substance abuse.[@b20-tacg-3-103] This prompted suppositions that this gene may be involved in the stress response in humans.[@b20-tacg-3-103] The first study of the role of DRD2 in PTSD was published by Comings et al.[@b21-tacg-3-103] Although it reported a significant association between the presence of the DRD2 A1 allele and PTSD, that was not confirmed in a later study.[@b21-tacg-3-103],[@b22-tacg-3-103]

There has been only one study of the DAT gene in relation to PTSD. In a large group of twin pairs who had been in the Vietnam war, researchers sought to establish a link between PTSD and the DAT SLC6A3 30-variable number tandem repeat, using a trauma-exposed control group without PTSD. Evidence was found that genetically determined changes had occurred in dopaminergic reactivity among the PTSD subjects.[@b23-tacg-3-103]

Genes involved in the glucocorticoid system
===========================================

An earlier animal study found that two hippocampal GR receptors played a key role in regulating the HPA axis and cortisol levels. These are the mineralocorticoid (MR, or Type 1) receptor encoded on chromosome 5 and the GR (or Type 2) receptor encoded on chromosome 4. Because MRs have high affinity to cortisol (10 times greater than that of GRs), it is mainly MRs that are occupied in the absence of stress (ie, basal corticosteroid levels). When stress arrives, cortisol levels increase sharply and the GRs are also occupied. Aldosterone plays a part here, and via MR can affect the expression of GR mRNA. The balance between the effects of these two corticosteroid receptor types is critical to stress response and behavioral adaptation thereafter. Both MR- and GR-mediated effects of information processing facilitate behavioral adaptation and thereby stimulate higher brain centers to exert inhibitory control on HPA axis activity.[@b24-tacg-3-103]--[@b26-tacg-3-103]

Individual differences in the number, affinity, and efficiency of the signaling cascades activated by these receptors have direct effects on cortisol levels and biologic activity. Corticosteroid receptors function as transcription factors. Most evidence in PTSD and relevant animal models points towards an involvement of altered GR rather than MR function. Much research has already been done on the GR gene and on sensitivity to corticosteroids, and most studies have reported positive associations. Both the N363S and the BclI polymorphisms of this gene have been linked to GR hypersensitivity.[@b27-tacg-3-103]--[@b29-tacg-3-103]

Bachmann et al went on to test whether variations in the GR gene showed links to PTSD.[@b30-tacg-3-103] In a group of PTSD and trauma-exposed non-PTSD Vietnam war veterans, Bachmann et al screened for polymorphisms, and assessed GR sensitivity using the low-dose dexamethasone suppression test and the dermal vasoconstrictor assay. The researchers concluded that the N363S and BclI GG genotypes were no more common in PTSD subjects than in the control subjects or in the general population. However, they did find a significant association between the BclI GG genotype and low basal cortisol levels in PTSD. Subjects with PTSD and the GG genotype tended to be more responsive to the dermal vasoconstrictor assay, and their dermal vasoconstrictor assay response correlated with higher scores on the clinician-administered PTSD scale. However, there was insufficient evidence that GR polymorphisms actually increase susceptibility to PTSD.[@b30-tacg-3-103]

Genes involved in the GABA system
=================================

Studies on the connections between GABA (the GABA Type A receptor alpha 6 subunit gene, *GABRA6*) and cortisol have reported that homozygotes for the T allele had generally higher diurnal cortisol levels, but only one study has sought links between GABA and PTSD. It focused on the GABA (A) receptor beta 3 subunit gene (*GABRB3*). Individuals with PTSD who were heterozygotic for the G1 polymorphism of *GABRB3* were found to have higher total scores than homozygotic individuals on the General Health Questionnaire, the four subscales of which pertain to somatic symptoms, anxiety and insomnia, social dysfunction, and depression. Comorbidity was not an exclusion criterion, the number of persons studied was small, and there was no control group, so the results have to be interpreted with care. In summary, little is known about the GABA system in relation to PTSD.[@b31-tacg-3-103],[@b32-tacg-3-103]

Genes involved in the ApoE system
=================================

In humans, ApoE4 has been linked with a number of neuropsychiatric disorders, including Alzheimer's disease, stress, and depression, as well as with smaller hippocampal volumes and with subjective and objective memory impairment. ApoE2 has been linked to lower cortisol levels. Because memory impairment also occurs in PTSD, smaller hippocampal volumes are sometimes found too. Freeman et al assessed what role the ApoE genotype might play in this disorder. It was found that carriership of allele 2, and not of allele 4, was associated with significantly lower scores on the memory test and with more severe re-experiencing of symptoms.[@b33-tacg-3-103] This study was also limited by its small sample size, psychiatric comorbidity, and lack of a control group. Therefore, there is still insufficient evidence concerning the possible role of the ApoE genotype in relation to PTSD.[@b34-tacg-3-103],[@b35-tacg-3-103]

Genes involved in the brain-derived neurotrophic factor system
==============================================================

BDNF, a member of the neurotrophin family, promotes neuronal survival and regulates the proliferation and differentiation of nerve cells in the peripheral and central nervous systems. It has important regulatory effects on the serotonergic, glutamatergic, and dopaminergic neurotransmitter systems.[@b36-tacg-3-103]

BDNF is also involved in long-term hippocampal potentiation, which is related to learning and memory. There is strong evidence that BDNF may contribute to the pathogenesis of several neuropsychiatric disorders, and it is also believed to be involved in PTSD. Data from an animal study suggest that psychologic stress, as well as unconditioned physical stress, can decrease hippocampal BDNF mRNA, which could be relevant to the pathogenesis of stress-related disorders, including depression and PTSD.[@b36-tacg-3-103]

Zhang et al observed the association of gene variants of the BDNF gene and several neuropsychiatric phenotypes.[@b36-tacg-3-103] They compared 69 subjects with PTSD with a healthy control group. The SNPs for G-712A, C270T, and Val66Met were genotyped. There was only an association between the newly described SNP G-712A and substance dependence, but no association of the SNPs with PTSD. Given the low heterozygosity or the low information content of C270T and G-712A, these two polymorphisms appear to require larger numbers of cases to ensure adequate statistical power. In addition, although the overall study sample was large, the sample for PTSD was much smaller and this limited the power to detect significant associations. In the Korean population, Lee et al analysed the genotype and allele frequencies of the BDNF gene Val66Met polymorphism in 106 PTSD patients and 161 unrelated healthy controls using a case-control design.[@b37-tacg-3-103] The genotype and allele frequencies for the BDNF gene polymorphism did not differ between the two groups.[@b37-tacg-3-103],[@b38-tacg-3-103]

Genes involved in the neuropeptide Y system
===========================================

NPY is a 36-amino acid peptide neurotransmitter. Animal studies have suggested that NPY is involved in the regulation of appetite, reward, anxiety, and energy balance. NPY is present in extensive neuronal systems of the brain, and is present in high concentrations in cell bodies and terminals in the amygdala. Morgan et al found in two different studies in soldiers without a control group, that acute stress elicits NPY release, and that this release is positively associated with cortisol and norepinephrine release.[@b39-tacg-3-103] The finding that greater levels of NPY release are associated with less psychologic distress suggests that NPY has anxiolytic activity in humans.[@b39-tacg-3-103]--[@b41-tacg-3-103]

Individuals with the Pro7/Leu7 genotype have higher maximal increases in plasma concentrations of NPY in response to maximal physiologic stress as compared with Leu7/Leu7 individuals. Lappalainen et al tested whether the Leu 7pro allele is associated with alcohol-dependent subjects in a population study compared with healthy controls.[@b40-tacg-3-103] Population stratification potential and diagnostic specificity were studied by genotyping individuals from additional populations and psychiatric diagnostic classes, such as PTSD. There were 77 PTSD Vietnam-era combat veterans. The main outcome measure was the difference in Leu7Pro allele frequencies between alcohol-dependent subjects and controls. There was no association with PTSD. Until now, there is no evidence for the possible role of gene variants of the NPY gene in relation to PTSD.[@b40-tacg-3-103]--[@b42-tacg-3-103]

Genes modulating the hypothalamus-pituitary-adrenal axis
========================================================

The HPA axis plays an important role in the stress response. It involves corticotrophin releasing hormone that stimulates, in turn, release of adrenocorticotrophic hormone by the pituitary gland which stimulates cortisol secretion by the suprarenal gland. The HPA axis is a complicated axis in terms of the diverse feedback mechanisms involved in its regulation, as well as other GR-regulating genes.

Some authors have questioned dysfunction of the *GRR2* gene as a potential cause of dysregulation in HPA axis feedback mechanisms. PTSD patients show baseline hypocortisolemia, and it has been suggested that this hypocortisolemia may reflect a defect in the normal stress-related response. Fear conditioning models have been expanded to incorporate altered post-trauma cortisol response. Low peritrauma cortisol levels may fail to contain the noradrenergic stress response, leading to consequent prolonged increases in levels of norepinephrine in the brain. Research has also implicated glucocorticoids in modulation of extinction of fear memories. Nonetheless, the only published investigation of glucocorticoid genes in PTSD reported no association between two glucocorticoid receptor polymorphisms (N363S and BclI) and PTSD.[@b43-tacg-3-103]--[@b45-tacg-3-103]

One key regulating gene of this system is *FKPB5*. A recent study revealed that polymorphisms in *FKBP5* moderate PTSD on exposure to childhood sexual abuse. Further, dexamethasone suppression test data also demonstrated a GxE interaction between *FKBP5* polymorphisms and PTSD status, suggesting that these polymorphisms have functional consequences on glucocorticoid response system sensitivity. Polymorphisms in *FKBP5* were also found to be associated with peritraumatic dissociation, which predicts the development of PTSD. Thus, variation in the GR genes (*GCCR*, *GCR2*) and glucocorticoid-regulating genes (eg, *FKBP5*) may be related to increased risk of PTSD.[@b45-tacg-3-103],[@b46-tacg-3-103]

Genetic variation and response to psychotherapy
===============================================

An interesting and innovative study was carried out by an Australian team to assess whether a polymorphism of serotonin transporter gene (*SLC6A4*) may potentially affect response to cognitive behavioral psychotherapy. There are two variations in the region of *SLC6A4* that promote the release and uptake of serotonin, an S allele and a L allele. The S allele has been linked to increased risk of PTSD in the presence of low social support. Individuals with PTSD who have this polymorphism also show heightened reactivity in the amygdala, involved in fear processing when the individual is exposed to traumatic stimuli. They assessed 45 patients with PTSD over eight weeks, with cognitive behavioral psychotherapy sessions on a weekly basis. Although the sample size was small and further large-scale studies are needed to replicate this finding, the results were really interesting. The S and L allele groups did not differ according to analyses that examined PTSD at pretreatment, post-treatment, and at six-month follow-up, but specific comparisons showed that the S allele group had greater symptom severity at follow-up, and was more likely than the L allele group to still have PTSD (48% versus 15%, respectively).[@b47-tacg-3-103],[@b48-tacg-3-103] To our knowledge, this is the first research dealing with genetic variability in psychotherapy response rate, and may open new perspectives in optimizing PTSD patient management based on genetic analysis.

Conclusion
==========

PTSD is polymorphic in terms of its symptomatology, etiology, and treatment response. Different candidate susceptibility genes may not only contribute to better understanding of the syndrome but also aid in its future management.
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